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Abstract: A potential vaccine candidate, Necator amer-
icanus secretory protein (Na-ASP1), against hookworm
infections, has been expressed in Pichia pastoris. Na-
ASP1, a 45 kDa protein containing 20 cysteines, was
directed outside the cell by fusing the protein to the
preprosequence of the a-mating factor of Saccharomyces
cerevisiae. Most of the protein produced by single copy
clones was secreted outside the cell. However, increasing
gene copy number of Na-ASP1 protein in P. pastoris
saturated secretory capacity and therefore, decreased the
amount of secreted protein in clones harboring multiple
copies of Na-ASP1 gene. Overexpression of the endo-
plasmic reticulum (ER) resident, homologous chaperone
protein, protein disulfide isomerase (PDI) was able to
increase the secretion of (Na-ASP1) protein in high copy
clones. The effect of PDI levels on secretion of Na-ASP1
protein was examined in clones with varying copy
number of PDI gene. Increase in secreted Na-ASP1
secretion is correlated well with the PDI copy number.
Increasing levels of PDI also increased overall Na-ASP1
protein production in all the clones. Nevertheless, there
was still accumulation of intracellular Na-ASP1 protein in
P. pastoris clones over-expressing Na-ASP1 and PDI
proteins.  2005 Wiley Periodicals, Inc.
Keywords: Pichia pastoris; protein secretion; protein
disulfide isomerase; Necator americanus secretory
protein; Na-ASP1; protein overexpression; secretion
bottleneck
INTRODUCTION
The methylotrophic yeast, Pichia pastoris, is a highly
successful system for expression of heterologous proteins
(Daly and Hearn, 2005; Macauley-Patrick et al., 2005).
Several factors have contributed to its rapid acceptance over
other expression systems, including the tightly regulated
alcohol oxidase I promotor (AOX1) (Cregg and Higgins,
1995) and a strong respiratory growth system that facilitates
high cell densities (Brierley et al., 1990; Cereghino et al.,
2002; Zhang et al., 2000). It is alsowell suited for production
of therapeutic proteins, which require post-transcriptional
modifications such as disulfide bond formation (Macauley-
Patrick et al., 2005).
The first choice of expressionmode for many proteins is to
secrete the protein of interest outside of the cell for ease of
purification and required post-translational modifications as
the protein moves through the secretory pathway. Standard
steps to improve recombinant protein expression include
optimizing codon usage and increasing the gene dosage.
However, overexpression of a protein in a nonoptimal
environment may cause deleterious problems, such as
saturation of the secretory pathway resulting in by misfolded
proteins (Inan et al., 2005; Parekh et al., 1995; Smith and
Robinson, 2002). The folding of proteins destined for the
secretory pathway occurs in the endoplasmic reticulum (ER)
where a quality control system insures that secreted proteins
are correctly folded, including the correct formation of
disulfide bonds (Helenius et al., 1992). Disulfides that form
early in the folding process are often incorrect; cysteines can
be mispaired or disulfides can be formed in the wrong
temporal order, making it difficult to oxidize buried cysteines
(Creighton, 1984). To rectify these errors, the incorrect
disulfides must be broken and new ones formed in a
different configuration. The ER contains folding assistants
that help proteins achieve their correct disulfide arrangement
(Helenius et al., 1992). Protein disulfide isomerase (PDI) is a
57 kDa protein of the ER that helps in rearrangement of
incorrect disulfide pairings by isomerase activity because of
CGHC domains and substrate binding site, accelerating both
processes without drastically altering the refolding pathway
(Gilbert, 1998). Improvements of secretion of recombinant
proteins expressed in yeast, Chinese Hamster ovary (CHO)
cell and Escherichia coli by over-expressing PDI have been
documented in literature. (Davis et al., 2000; Humphreys
et al., 1996; Robinson et al., 1994). However in some
instances overexpression of chaperone proteins in ER did not
improve the secretion of recombinant proteins (Butz et al.,
2003).
In our previous study, we described expression of Necator
americanus secretory protein (Na-ASP1) in P. pastoris
2005 Wiley Periodicals, Inc.
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(Inan et al., 2005). We observed that increasing copy number
of Na-ASP1 gene resulted in reduced secretion of the product
with a most of the protein accumulated inside the cell. Here
we evaluate the effect of introducing multiple copies of the




The construction of P. pastoris X-33 strains expressing
multiple copies of Na-ASP1 gene was described elsewhere
(Inan et al., 2005). pPICZaNa-ASP1 plasmid was a gift from
Dr. Peter Hotez of The George Washington University.
Codon optimization of Na-ASP1 gene for P. pastoris was
done by Aptagen LLC (York, PA). E. coli TOP10 competent
cells, P. pastoris host strain X-33, expression plasmid
pPIC3.5K, and plasmid pCR-Blunt II-TOPO cloning vector
was purchased as a kit from Invitrogen (Carlsbad, CA).
Restriction enzymes were from New England Biolabs
(Beverly, MA). Plasmid propagations were done in E. coli
TOP10 cells using either LB Miller (ampicillin 100 mg/mL)
or LB Lennox Zeocin (25 mg/mL) medium depending on
plasmid used.
Construction of PDI Expression Plasmid
pPIC3.5K-PDI
The PDI gene was amplified with Pfu DNA polymerase
(Stratagene, La Jolla, CA) from chromosomal DNA of wild
type P. pastoris X33 using forward primer 50-ATGCAATT-
CAA-CTGGGATATTAAAACTG-30 and reverse primer 50-
TTAAAGCTGTCGTGAGCGTC-30 based on published
sequence of P. pastoris PDI gene (EMBL AJ302014)
(Warsame et al., 2001).
After amplification, PCR product was purified and ligated
into pCR-Blunt II-TOPO cloning vector by following the
instruction manual. The positive clones from the ligation
reactions were analyzed by restriction digestion and sequen-
cing the insert fragments at UNL DNA sequencing facility.
After confirmation of the correct sequence and orientation,
the vector (pPCRII-PDI)was digestedwithEcoR I restriction
enzyme. A 1.5 kb PDI genewas purified from agarose gel and
ligated intoEcoR I site of pPIC3.5KusingQuick LigationKit
(New England Biolabs). The resulting plasmid was desig-
nated as pPIC3.5K-PDI (Fig. 1). After confirmation of
correct orientation of the insert, plasmid midiprep kit
(Qiagen, Valencia, CA) was used to isolate plasmid DNA
for transformation experiments.
Transformation of P. pastoris
Plasmid pPIC3.5K-PDIwas linearizedwithHpa I at theHIS4
locus and transformed into P. pastoris X-33 competent cells
harboring 2, 3, or 4 copies of the Na-ASP1 by electropora-
tion. The cells were pulsed in 2mmelectroporation cuvette at
1.5 kV, 200 , and 25 mF in a Gene Pulser electroporator
(Bio-Rad, Hercules, CA) and 1 mL of ice-cold 1 M sorbitol
was added immediately. Direct selection of geneticin (G418)
resistance in yeast does not work well. The procedure to
generate geneticin resistant clones requires an initial
selection of Hisþ transformants followed by screening for
varying levels of geneticin. Thus, transformed cells were
spread on minimal dextrose (MD) plates allowing sufficient
time to express sufficient amounts of resistance factor.
Increasing amounts of the transformationmixturewas spread
on YPD agar plates containing (0.25, 1, 2, 4 mg/mL)
Geneticin and incubated at 308C for selection of putative
multi-copy recombinants. After about 2 days, the colonies
were picked and streaked on YPD plates for single colony
isolation.
Southern Blot Analysis
Genomic DNA of the selected clones was extracted from the
freshly grown YPD cultures of P. pastoris strains expressing
Na-ASP1 and coexpressingNa-ASP1 and PDI proteins using
the MasterPureTM Yeast DNA Purification Kit (Epicenter,
Madison, WI). Chromosomal DNA concentrations were
quantified using Picogreen DNAQuantification kit, (Invitro-
gen). One microgram of chromosomal DNA of P. pastoris
(pPICZa/Na-ASP1) and P. pastoris (pPIC3.5K-PDI and
pPICZa/Na-ASP1) were digested with restriction enzymes
Nde I andXho I, respectively, separated on 0.7%TAEagarose
gel. Through capillary action, the DNAwas transferred to a
positively charged nylon membrane (Bio-Rad), using the
method described by Southern (1975). DIG labeled AOX1
promoter was used as a probe in hybridization solution to
estimate Na-ASP1 gene copies. DIG labeled PDI gene was
used to estimate the PDI gene copy number. DIG DNA
Labeling and Detection kit (Roche Applied Science,
Indianapolis, IN) was employed for capturing chemilumi-
nescence signal on X-ray films. The copy number was
determined by band intensity on the Southern blots by
densitometric analysis using Alpha Innotech 8800 gel
Figure 1. PDI over-expressing vector pPIC3.5K-PDI.
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imaging system and Alpha EaseFC software (San Leandro,
CA).
Northern Blot Analysis
Total RNA was prepared using TRI Reagent1 from
Molecular Research Centre, Inc (Cincinnati, OH) from
methanol induced cells as described in induction experi-
ments. One hundred milligrams of induced cells were
distrupted with Mini-Beadbeater-48; using zirconia/silica
beads (Biospecs, Bartlesville, OK) with five cycles of 1 min
beating and 5 min resting. Total RNA was quantified using
Ribogreen Quantitation kit, Invitrogen. Ten microgram of
total RNA was separated on a 0.9% agarose, 5% formalde-
hyde gel. RNA was then transferred to positively charged
nylon membrane Zeta-Probe membrane, (Bio-Rad), probed
with nonradioactive DIG labeled Na-ASP1 and PDI gene to
estimate m-RNA of Na-ASP1 and PDI, respectively. The
signals were detected and quantified as described for
Southern blot analysis.
Small Scale Induction Experiments
Single colonies were grown in 10 mLYPD broth (1% yeast
extract; 2%peptone; 2%dextrose) overnight, whichwas used
to inoculate 15mL of BMGY (1% yeast extract, 2% peptone,
1% glycerol, 1.34% YNB (w/o amino acids), 4 105%
biotin, and 100 mM potassium phosphate, pH 6.0). The
starting optical density (at 600 nm) for the shake flasks was
0.05 in 50mL baffled shake flask. The culture was grown in a
rotary shaker at 308C and 250 rpm (Innova 4000, New
Brunswick Scientific, NJ) up to 10 OD (600 nm) for about
24 h. The cells were centrifuged at 3,000g for 12min at room
temperature and resuspended in 15 mL BMMY (1% yeast
extract, 2% peptone, 1% methanol, 1.34% YNB (w/o amino
acids), 4 105% biotin, and 100 mM potassium phosphate,
pH 6.0, and 2 mM phenylmethylsulfonylfluoride (PMSF).
Induction time was 12 h at the same conditions. The cells
were harvested at 3,000g for 12min at 48C. Supernatant were
stored at 48C and cells kept frozen in (808C) until further
analysis.
Western Blot Analysis
For evaluation of intracellular accumulation of proteins,
250mg of the cells were disrupted withMini-Beadbeaster-48;
using zirconia/silica beads (Biospecs). One minute vibrating
and 5min resting on icewere done for total of five cycles. The
cell lysates were centrifuged at 10,000g at 48C, the super-
natants containing the soluble cytosolic proteins were
removed and the pellets containing insoluble proteins were
further treated with NuPAGE LDS sample buffer and
NuPAGE Sample reducing agent form Invitrogen, at 708C
for 10 min and centrifuged at 10,000g and 48C for 10 min.
Ten micrograms of soluble protein and 10 mL fermentation
broth and insoluble fraction were separated in 10% Bis-Tris,
NuPAGE gels (Novex Pre-cast gel, Invitrogen) at reducing
and denaturing conditions. The proteins were transferred to
PVDF membrane and treated with a 1:8,000 dilution of
Rabbit anti-ASP-1 (2 h) and a 1:5,000 dilution of goat anti-
rabbit antibody (1 h). The signals were visualized with ECL
plus detection reagent and hyperfilm ECL from Amersham
Biosciences (Piscataway, NJ). Images were quantitated by
densitometric analysis using Alpha Innotech 8800 gel
imaging system using Alpha EaseFC software.
N-Terminal Sequencing
N-terminal sequence of PDI protein was carried out from an
expected protein band blotted on Sequi-blot polyvinylidene
fluoride (Sequi-Blot PVDF, Bio-Rad) membrane. Ten
microgram of total protein was separated on 10% Bis-Tris
NuPAGE gels (Novex Pre-cast gel, Invitrogen). After wet
transfer protocol, the membrane was stained with amido
black stain for 5 min. The visible 57 kDa band was cut out,
and N-terminal sequence was obtained by Edman degrada-
tion at University of NebraskaMedical Center (Omaha, NE).
RESULTS
Previously, we have described the expression of Na-ASP1
in P. pastoris (Inan et al., 2005). We originally screened
90 clones expressing Na-ASP1 extracellularly. The putative
copy number of the clones ranged from one to four copies. A
negative correlation was observed between copy number and
extracellar protein production although increasing copy
number resulted in increased Na-ASP1 transcript level. We
postulated that bottleneck for secretion of Na-ASP1 in P.
pastoris could be protein folding in ER since the Na-ASP1
protein contains 20 cysteine molecules.
Copy Number Confirmation on Selected Na-ASP1
Expressing Clone
Copy number of the Na-ASP1 gene in selected clones, 7, 28,
46, and 80 was confirmed. The chromosomal DNA of the
clones were digested with Nde I restriction enzyme, which
does not cut the expression vector pPICZa/ASP1, and the
AOX1 promoter was employed as a probe for Southern blot
experiment. Results of Southern blot analysis of selected
clones are shown in Figure 2. The host strain (X-33) shows a
single band around 9 kb, which corresponds to the AOX loci.
Theoretically, every additional insertion of the expression
vector at the AOX1 loci should result in 4.7 kb increment in
band size. The clone 46 showed a single band size of 13.7 kb,
which is the expected band for a single copy clone. Similarly,
clones 80, 28, and 7 had 18.4 kb, 23.1 and 27.8 kb band,
respectively. Therefore, the clones 46, 80, 28, and 7 had one,
two, three and four copies of the expression vector,
respectively (Fig. 2).
Small Scale Induction Experiments
The selected clones were tested for Na-ASP1 production in
shake flask by inducing with methanol in BMMY media.
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Expression levels were determined for each clone through
Western blots analysis (intracellular protein and super-
natants) (Fig. 3 and Table I). Since an analytical quantitative
method was not available at the time of experiments, a semi-
quantitative method was used to compare Na-ASP1 produc-
tion rates. E. coli produced Na-ASP1 standard was found to
be not stable; therefore, it could not be used for quantification
purposes (Fig. 3). The band intensities on developed films
were quantified with Alpha Innotech 8800 gel imaging
system using Alpha EaseFC Software (Alpha Innotech). All
the clones showed Na-ASP1 production, although the
amount of protein secreted per cell decreased significantly
as the gene copy number increased. The single copy clone
(no. 46) showed the highest secretion of Na-ASP1 protein.
The four-copy clone had fourfold less Na-ASP1 in the
supernatant compared to the single copy clone (Fig. 3A).
Western analysis of soluble cell extract revealed that, in the
high copy number clones, Na-ASP1 protein was retained
inside the cells (Fig. 3B). The size of Na-ASP1 protein band
(52 kDa) was higher than the expected molecular weight of
45 kDa in soluble cell extracts. This is indication of
inefficient cleavage of a-mating factor by KEX2 protease.
Increase in 7 kDa molecular weight accounts for the size of
pro-region ofa-mating factor. This is also an indication of the
entrapment of the Na-ASP1 protein in the ER after removal
of signal sequence (pre-region of a-mating factor), before the
golgi where the pro-region of a-mating factor is cleaved by
KEX2.
In contrast to secreted Na-ASP1, the amount of Na-ASP1
produced intracellularly increased with copy number (Fig. 3)
indicating an increase in total Na-ASP1 production (Table I).
Overexpression of Protein Disulfide Isomerase
in Na-ASP1 Multicopy Clones
It has been shown that PDI, a chaperone protein, plays a key
role in folding and secretion of heterologous proteins in yeast
(Robinson et al., 1994) and CHO cells (Davis et al., 2000).
Therefore, we have over-expressed homologous PDI protein
inmultiple (2-4) Na-ASP1 copy clones. The endogenous PDI
genewas amplified fromP. pastorisX-33 chromosome based
on a published gene sequence (Warsame et al., 2001). The
amplified PDI gene was subcloned into pPIC3.5K vector
under the control of AOX1 promoter. The pPIC3.5K vector
carries kanamycin marker gene for selection, which confers
resistance to geneticin in P. pastoris and kanamycin
resistance in E. coli. Geneticin hyper-resistant clones arise
from multiple copies of the G418 resistance gene, which in
turn corresponds to multiple plasmid copies, and thus
multiple copies of the heterologous gene being expressed.
By selecting against the G418 resistance, the Na-ASP1 copy
is not affected since Na-ASP1 expressing plasmid carries the
zeocin resistance gene.
After transformation, 26 colonies were selected fromYPD
plates with varying concentration of G418. The copy number
of the selected clones was estimated by Southern blot
employing DIG-labeled PDI gene as a probe. Estimated PDI
copy number of the clones calculated densitometrically from
band intensities as shown in Table II. The highest PDI copy
number was obtained with the clone (80-18) with eight
copies, one copy being endogenous PDI plus seven copies
from the expression plasmid. The clone (80-19) did not
contain the integrated PDI plasmid and was used as control
for expression experiments.
To estimate levels of PDI transcript,Northern blot analyses
was performed. Ten selected transformants were examined
for PDI transcript covering high and low PDI copy
transformants together with host clones with different copy
numbers of pPICZa-NASP1. A 1.9 kb band was detected on
Northern blot assays (Fig. 4), which showed themRNA levels
of clones, where clone (no. 80-18) produced highest level of
PDI mRNA, followed by clones (no. 80-17) and (no. 80-20)
correlating well to their copy numbers. A positive correlation
Figure 2. Southern blot analysis of selected Na-ASP1 clones. The lane
numbers correspond to the clone ID numbers and copy number is determined
by increase in plasmid size of 4.7 kb to the host X33.
Figure 3. Western blot analysis for expression levels of selectedNa-ASP1
clones. All the numbers shown above the picture are clone ID. A: A fixed
amount of supernatant for all samples from shake flasks was loaded. B: Ten
micrograms of intracellular protein from cell lysate was loaded for analysis.
E. coli Na-ASP1 standard was degraded and was not used for Na-ASP1
quantification.
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was obtained between the PDI gene copy numbers and
corresponding mRNA levels.
Our attempts failed to show PDI proteinwas overexpressed
intracellularly in selected clones using commercially avail-
able antibodies against Saccharomyces cerevisiae PDI, andP.
pastoris PDI specific antibody was not available. Separation
of soluble proteins in SDS–PAGE gel indicated an increased
amount of a 57-kDa protein, the expected size of PDI protein
(Fig. 5). Intensity of band correlatedwellwith copy number of
the clones (Table II). Therefore, the cell extract of the clone
no. 80-18 was separated in SDS–PAGE gel, transferred to
PVDF membrane, and N-terminus of the protein was
sequenced via Edman degradation. The sequence confirmed
that 57-kDa band indeed was PDI protein, and processed as
expected. The first five amino acid of the N-terminus of the
57-kDa protein was SDQEA, the expected sequence for PDI
as found in the literature (Warsame et al., 2001).
Effect of PDI Overexpression on Na-ASP1 Secretion
The effect of PDI overexpression on secretion of multicopy
Na-ASP1 clones (2-4) was evaluated in selected clones
(Table II). Na-ASP1 expression levels were determined for
each transformant by Western blots analysis of the cell
extract and fermentation supernatant. Increase in relativeNa-
ASP-1 levels was determined by comparing to a single copy
Na-ASP1 clone (no. 46) since purified Na-ASP1 produced in
E. coliwas not stable and found to degrade over time (Fig. 3).
The band intensities of developed films were quantified by
densitometric analysis as described above. The expected size
of Na-ASP1, 45 kDa, was present for all PDI transformants
(Fig. 6A). There was approximately a threefold increase in
protein secretion for clones no. 80-18 compared to the single
copy Na-ASP1 clone no. 46 (Table II). There was an increase
in the amount of Na-ASP1 secreted for all the clones over-
expressing PDI protein as compared to the host strain.
However, the highest secretion was observed in clone no. 80-
18, which has two copies of Na-ASP1 gene and eight copies
of the PDI gene (Fig. 6 and Table II). Clones 7-4 and 7-5,
which have four copies of Na-ASP1 and four copies of PDI
gene, did not secrete as much as the clone 80-17 and 80-18.
However, the highest relative improvement was observed
with PDI overexpresing the four copy clone Na-ASP1 clones
(7-4, 7-5, and 7-14) with respect to their host.
A 54 kDa band reacting to anti Na-APS1 antibodies,
corresponding to the pre- and pro-region of the a-mating
factor attached to Na-ASP1, was still present inside the cells
coexpressing PDI and Na-ASP1 (Fig. 6B).
Intracellular insoluble Na-ASP1was alsomonitored in the
clones expressing both Na-ASP1 protein and Na-ASP1/PDI
over-expressing clones (Fig. 7). A single copy Na-ASP1
clones had a minute amount of insoluble Na-ASP1, however,
amount of insoluble Na-ASP1 increased with increasing Na-
ASP1 copy numbers. Overexpression of PDI reduced
insoluble Na-ASP1 especially in two copy Na-ASP1 (80-
18) clone (Fig. 7). Although a reduction was observed in
amount of insoluble Na-ASP1 in three (28-9) and four (7-14)
Na-ASP1 copy clones, insolubleNa-ASP1 accumulationwas
still observed in corresponding clones.
DISCUSSION
Potential bottlenecks for optimumexpression of recombinant
proteins are promoter strength, the codon usage of the
expressed gene, the gene copy number, translocation of
nascent protein to ER, folding and processing in ER and
golgi, and finally secretion out of the cell. The feasibility of
improving an expression system for a recombinant protein by

















X33 0 1 0 0
46 1 1 1 1
80 2 1 0.82 1
28 3 1 0.50 1
7 4 1 0.25 1
80-17 2 7 3.55 4.3
80-18 2 8 3.64 4.4
80-19 2 1 0.75 1
80-20 2 7 3.23 3.9
28-9 3 6 2.21 4.42
28-11 3 5 1.63 3.26
7-4 4 4 1.73 6.9
7-5 4 4 1.77 7.1
7-13 4 3 1.57 6.1
7-14 4 5 1.98 7.9
*Extracellular Na-ASP1 amount was calculated from densitometric
analysis of Western results. The results are reported relative to extracellular
amount of Na-ASP1 produced from single Na-ASP1 (46) clone.
**Individual clones with extra PDI gene are compared to their host. The
results are reported relative to multi-copy host stains.
Table I. Estimated protein expression levels of selected Na-ASP1 clones.








relative to single copy clone
46 1 1 0.3 1.3 1.0
80 2 0.82 1.8 2.6 2.0
28 3 0.5 2.7 3.2 2.5
7 4 0.25 3.8 4.1 3.1
aExtracellular protein levels were determined relative to clone no. 46.
bIntracellular protein levels measured relative to extracellular product of one copy clone no. 46.
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a certain measure depends on whether one or several steps of
protein processing are close to their limits. Codon optimiza-
tion and gene copy numbers are the first critical parameters of
an expression system to evaluate. Numerous examples have
been described in literature that shows an increase of gene
copy number can significantly increase productivity. (Clare
et al., 1991; Vassileva et al., 2001).
In our previous study, we observed adverse effect of copy
number for secretion of NA-ASP1 (Inan et al., 2005). We
have demonstrated that one part of the bottlenecks for
secretion of Na-ASP1 inP. pastoriswas the secretion process
itself and not the codon usage, transcription, or translation
process. Increasing copy number resulted in an increasedNa-
ASP1 transcript and total Na-ASP1 produced, but not an
increase in secreted Na-ASP1, in fact a decrease (Fig. 3).
Protein folding in the ER is a critical step both inmammals
and yeast and a prerequisite for secretion (Gething and
Sambrook, 1992; Helenius et al., 1992). The newly
synthesized heterologous protein enters the lumen of the
ER as part of a translocated polypeptide chain; it encounters a
change in the redox environment that ultimately promotes
formation of intrachain and/or interchain disulfide bonds.
Chaperons assist in the folding of the nascent polypeptide
chain by slowing folding, preventing aggregation, and
ensuring the correct disulfide bonds are formed (van Vliet
et al., 2003). Thus, it is not surprising that many over-
expressed proteins in yeast accumulate in the ER (Ruohonen
et al., 1997). Components of the folding machinery may
become rate limiting and heterologous protein folding is
inefficient. Overexpression of the components of the folding
machinery, such as the PDI may lead to enhanced secretion
(Robinson et al., 1994). Proteins secreted from eukaryotes
must be correctly folded, or aggregates may be formed and
unfolded proteins can be targeted for degradation through the
translocon and the proteosome (Lord et al., 2000). Disulfide
bond formation plays a critical role in the folding of proteins
in the ER and efficient processing is necessary in obtaining
high yields (Ngiam et al., 2000).
Overexpression of PDI has been successful in increasing
the yields of some heterologous proteins from S. cerevisiae
and E.coli but not others (Humphreys et al., 1996; Robinson
et al., 1994). Coexpression of human PDI in E. coli strains
producing antibody Fab fragments only increased secreted
yields of one Fab variant, which was more susceptible to
incorrect disulfide formation but not the other (Humphreys
et al., 1996), suggesting that proteinswhich are susceptible to
the formation of kinetically trapped intermediates may
require higher concentrations of PDI, and overexpression
of PDI could then ease this bottleneck.
The limiting step for efficient secretion of Na-ASP1 in
multicopy clones may be the nature of the Na-ASP1 protein
itself. Na-ASP1 contains 20 cysteine amino acids and
preliminary structural studies of Na-ASP indicate 10 disulfide
bonds (unpublished data). A large number of disulfide bonds
increases the potential for aggregation due to misfolding in
the ER, and thus our justification for over-expressing
homologous PDI. Clones having higher copies of the PDI
gene had higher Na-ASP1 levels secreted into the super-
natant, regardless of Na-ASP1 copy (Table II). Interestingly,
there was also an increase in the soluble intracellular Na-
ASP1 levels and decrease insoluble intracellular Na-ASP1
levels with PDI over-expressing clones (Figs. 6B and 7). The
mechanism by which increased PDI levels leads to increased
overall Na-ASP1 production is also an intriguing question.
One possible explanation is that nascent polypeptide proteins
are synthesized and translocated into the ER; the sequence is
presented vectorially to the ER lumen so that folding may
begin as protein emerges from the ribosome. When PDI is
limiting in the ER, the proteins tend to aggregate forming
nonnative disulfide bonds. The aggregated proteins are
degraded through ER-associated protein degradation path-
way (ERAD) (Lord et al., 2000) and unfolded protein
response (Ellgaard and Helenius, 2003). These two quality
control mechanism are shown to be linked (Friedlander et al.,
2000). Hence, over-expressing PDI may facilitate proper
folding of Na-ASP1 and rescuing it from ERAD or UPR
pathways and resulting in increased level of soluble Na-
ASP1. Limitations in other secretory steps may contribute to
Figure 4. Northern blot analysis of PDI over-expressed Na-ASP1 clones.
Northern blot analysis was performed to assess the levels of PDI transcript.
Ten micrograms of total RNA was run and subjected to Northern
hybridization using DIG labeled PDI as a probe. The numbers above the
picture indicate the clone ID numbers. Clone no. 80-19 is an untransformed
clone and is used as control.
Figure 5. SDS–PAGE for intracellular samples of PDI over-expressed
Na-ASP1 clones. SDS–PAGE was performed for confirmation of PDI
protein. Ten micrograms of samples were loaded for N-sequencing from a
blot. The protein sequence was determined by Edman degradation. All
numbers above the figure show the clone ID.
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the accumulation of Na-ASP1 in secretory organelles.
Western blot analysis of intracellular soluble proteins showed
two distinct molecular weight Na-ASP1 products. The nature
of these bands could be a result of unprocessed and
incomplete processing of the a-factor leader (Laboissiere
et al., 1995), 52 and 54 kDa, respectively. The 52 kDa
accounts for cleavage of the pre-region from the a-mating
factor signal sequence with the pro-region still attached to
Na-ASP1 protein. The 54 kDa bandwas observed in hosts not
over-expressing PDI, that is, clones 7 and 28, and accounts
for the unprocessed form of the a-mating factor-NaASP1
fusion. The extracellular product from all the clones had
expected size of 45 kDa indicating that pre- and pro-region of
alpha mating factor was efficiently removed. There was no
fully processed Na-ASP1, that is, 45 kDa, found intracellu-
larly, indicating that if the pre- and pro-region of a-mating
factor were cleaved, it was transported outside the cell.
Highest impact of PDI on Na-ASP1 secretion was
observed in two copy-Na-ASP1 clone (clone no. 80-18).
Two copies of Na-ASP1 (clones no. 80) reduced the amount
of secreted Na-ASP1 amount compared to a single Na-ASP1
(clone no. 46) (Fig. 1). This result was due to accumulation of
Na-ASP1 intracellularly both soluble and insoluble form
(Figs. 1 and 7). When PDI (eight copies) was overexpressed
in this clone no. 80-18, amount of insoluble Na-ASP1 was
almost diminished (Fig. 7) and extracellular Na-ASP1 was
increased (Fig. 6B), however, it also resulted in increased
soluble intracellular Na-ASP1 (Fig. 6B). Since both soluble
and insoluble intracellular form Na-ASP1 size was higher
than 45 kDa, it is likely that other limitations, for example,
KEX2 cleavage, translocation from ER to Golgi, play a role
in extracellular production of Na-ASP1.
In conclusion, this study demonstrates overexpression of a
chaperone protein, PDI, in P. pastoris and shows the
importance of refolding activity of PDI in ER for secretion
of a recombinant protein containing disulfide bonds. Over-
expression of PDI may improve secretion of recombinant
proteins, which normally misfolded in ER, and the process
development technique described here could be applicable
for other proteins and aid understanding secretory pathways
of P. pastoris.
Figure 6. A: ExtracellularWestern blot analysis of PDI over-expressed Na-ASP1 clones. All numbers shown above the picture are clone ID. The intensity of
the bandswas compared using semi-quantitativemethod for quantification. Clone no. 80-19was used as negative control. B: IntracellularWestern blot analysis
of PDI over-expressedNa-ASP1 clones. Tenmicrograms of samples were loaded and numbers shown above are clone ID. Clone no. 80-19was used as negative
control.
Figure 7. Western blot analysis of insoluble fractions of selected clones.
The numbers shown above the picture are clone ID numbers.
INAN ET AL.: RECOMBINANT PROTEIN SECRETION IN P. PASTORIS 777
The authors thank Dr. Peter J. Hotez of The George Washington
University and Sabin Vaccine Institute for supplying codon optimized
Na-ASP1 gene in plasmid pPICZaNa-ASP1.
References
Brierley RA, Bussineau C, Kosson R, Melton A, Siegel RS. 1990. Fer-
mentation development of recombinant Pichia pastoris expressing the
heterologous gene: Bovine lysozyme. Ann NYAcad Sci 589:350–362.
Butz JA, Niebauer RT, Robinson AS. 2003. Co-expression of molecular
chaperones does not improve the heterologous expression of mamma-
lian G-protein coupled receptor expression in yeast. Biotechnol Bioeng
84:292–304.
Cereghino GP, Cereghino JL, Ilgen C, Cregg JM. 2002. Production of
recombinant proteins in fermenter cultures of the yeast Pichia pastoris.
Curr Opin Biotechnol 13:329–332.
Clare JJ, RomanosMA, Rayment FB, Rowedder JE, SmithMA, PayneMM,
Sreekrishna K, Henwood CA. 1991. Production of mouse epidermal
growth factor in yeast: High-level secretion usingPichia pastoris strains
containing multiple gene copies. Gene 105:205–212.
Cregg JM, Higgins DR. 1995. Production of foreign proteins in the yeast
Pichia pastoris. Canadian J Botany 73(Suppl. 1 Sect. E–H):S891–S897.
Creighton TEG, D.P. 1984. Kinetic role of a meta-stable native-like two
dilsulfide species in the folding transition of bovine pancreatic trypsin
inhibitor. J Mol Biol 179:497–526.
Daly R, Hearn MT. 2005. Expression of heterologous proteins in Pichia
pastoris: A useful experimental tool in protein engineering and
production. J Mol Recognit 18:119–138.
Davis R, Schooley K, Rasmussen B, Thomas J, Reddy P. 2000. Effect of PDI
overexpression on recombinant protein secretion in CHO cells.
Biotechnol Prog 16:736–743.
Ellgaard L, Helenius A. 2003. Quality control in the endoplasmic reticulum.
Natl Rev Mol Cell Biol 4:181–191.
Friedlander R, Jarosch E, Urban J, Volkwein C, Sommer T. 2000. A
regulatory link between ER-associated protein degradation and the
unfolded-protein response. Natl Cell Biol 2:379–384.
GethingMJ, Sambrook J. 1992. Protein folding in the cell. Nature 355:33–45.
Gilbert HF. 1998. Protein disulfide isomerase. Methods Enzymol 290:26–50.
HeleniusA,Marquardt T, Braakman I. 1992. The endoplasmic reticulum as a
protein-folding compartment. Trends Cell Biol 2:227–231.
Humphreys DP, Weir N, Lawson A, Mountain A, Lund PA. 1996. Co-
expression of human protein disulphide isomerase (PDI) can increase
the yield of an antibody Fab’ fragment expressed in Escherichia coli.
FEBS Lett 380:194–197.
Inan M, Fanders SA, Zhang W, Hotez PJ, Zhan B, Meagher MM. 2005.
Saturation of the secretory pathway by overexpression of a hookworm
(Neactor americanus) protein (Na-ASP1). In: Cregg JM, editor. Pichia
protocols. 2nd ed. Totowa, NJ: Humana Press (in press).
Laboissiere MC, Chivers PT, Raines RT. 1995. Production of rat protein
disulfide isomerase in Saccharomyces cerevisiae. Protein Expression
Purif 6:700–706.
Lord JM, Davey J, Frigerio L, Roberts LM. 2000. Endoplasmic reticulum-
associated protein degradation. Semin Cell Dev Biol 11(3):159–164.
Macauley-Patrick S, Fazenda ML, McNeil B, Harvey LM. 2005. Hetero-
logous protein production using the Pichia pastoris expression system.
Yeast 22:249–270.
Ngiam C, Jeenes DJ, Punt PJ, Van Den Hondel CA, Archer DB. 2000.
Characterization of a foldase, protein disulfide isomerase A, in the
protein secretory pathway of Aspergillus niger. Appl EnvironMicrobiol
66:775–782.
Parekh R, Forrester K, Wittrup D. 1995. Multicopy overexpression of
bovine pancreatic trypsin inhibitor saturates the protein folding and
secretory capacity of Saccharomyces cerevisiae. Protein Expr Purif
6:537–545.
Robinson AS, Hines V, Wittrup KD. 1994. Protein disulfide isomerase
overexpression increases secretion of foreign proteins in Saccharomyces
cerevisiae. Biotechnology (NY) 12:381–384.
Ruohonen L, Toikkanen J, Tieaho V, Outola M, Soderlund H, Keranen S.
1997. Enhancement of protein secretion in Saccharomyces cerevisiae by
overproduction of Sso protein, a late-acting component of the secretory
machinery. Yeast 13(4):337–351.
Smith JD, Robinson AS. 2002. Overexpression of an archaeal protein in
yeast: Secretion bottleneck at the ER. Biotechnol Bioeng 79(7):713–
723.
van Vliet C, Thomas EC, Merino-Trigo A, Teasdale RD, Gleeson PA. 2003.
Intracellular sorting and transport of proteins. Prog Biophy Mol Biol
83:1–45.
Vassileva A, Arora Chugh D, Swaminathan S, Khanna N. 2001. Effect of
copy number on the expression levels of hepatitis B surface antigen in
the methylotrophic yeast Pichia pastoris. Protein Expression Purif
21(1):71–80.
WarsameA, VadR, Kristensen T, Oyen TB. 2001. Characterization of a gene
encoding a Pichia pastoris protein disulfide isomerase. Biochem
Biophys Res Commun 281(5):1176–1182.
Zhang W, Inan M, Meagher MM. 2000. Fermentation strategies for
recombinant protein expression in the methylotrophic yeast Pichia
pastoris. Biotechnol Bioprocess Eng 5(4):275–287.
778 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 93, NO. 4, MARCH 5, 2006
